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Aberrant Store-Operated Calcium Entry (SOCE) in Invasive Melanoma
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The incidence of malignant melanoma, a cancer of the melanocyte cell line-
age, has nearly doubled in the past 20 years. While easy to treat if diagnosed
early, once the cancer has metastasized and spread, it is extremely resistant to
current therapies and patient prognosis is poor. Wnt5A has been shown to be
a driver of melanoma cell invasion and metastasis. Changes in cytosolic Ca2þ
concentration are a key component of Wnt5A signaling and can contribute to
both cell proliferation and migration. The main Ca2þ store in the cell is the
endoplasmic reticulum (ER). Depletion of ER Ca2þ during cell signaling is
sensed by the ER membrane protein STIM1, which interacts with the plasma
membrane channel Orai1 to initiate store-operated calcium entry (SOCE) and
replenish ER Ca2þ. Therefore, we investigated differences in the expression
and function of STIM1 and Orai1 in a range of patient-derived malignant
melanoma cell lines, previously characterized as either highly invasive (met-
astatic) or non-invasive. We find that SOCE is diminished in invasive mela-
noma cells compared to non-invasive cells, although expression levels and
localization of STIM and Orai are not perturbed. This represents a novel find-
ing and suggests that aberrant SOCE is a key contributor to melanoma cell
invasion and metastasis. Current investigations are focused on defining the
mechanism(s) responsible for SOCE suppression in metastatic melanoma,
focusing on both how STIM/Orai function is modulated and assessing the
potential role of Wnt5A signaling in this process. Completion of these studies
will provide critical new insight into cellular mechanisms controlling STIM/
Orai function as well as redefining the role of Ca2þ signaling in tumor
progression.
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Store-operated Ca2þ release-activated Ca2þ (CRAC) channels are activated
through a mechanism wherein depletion of intracellular calcium stores results
in the aggregation of the ER Ca2þ sensor, STIM1, and the CRAC channel
protein, Orai1, to overlapping sites in the ER- and plasma-membranes.
Redistribution of CRAC channels is driven through direct STIM1-Orai1
binding, a critical step that not only controls CRAC channel gating, but
also regulates its pore properties including calcium selectivity. Previous
findings indicate that Orai1 harbors two STIM1 binding sites, located in
the intracellular N- and C-termini. Here, we compared the functional contri-
butions of these sites for puncta formation, gating, and modulation of CRAC
channel ion selectivity. Consistent with past studies, C-terminal mutations
that impaired STIM1-Orai1 association and puncta formation also abrogated
channel gating. However, gating was fully restored in some of these mutants
by directly tethering a STIM1 fragment containing the minimal CRAC acti-
vation domain (CAD) in duplicate to Orai1 (Orai1-SS channels). By contrast,
mutants lacking the N-terminal CAD binding site displayed no channel activ-
ity despite retaining significant STIM1-Orai1 binding, and this defect could
not be restored in Orai1-SS channels. Analysis of ion selectivity indicated
that the N-terminal site is essential for conferring high calcium selectivity
to Orai1 while the C-terminal site is dispensable if CAD is directly linked
to Orai1. Thus, the structural requirements for gating and modulation of
ion selectivity are similar but substantively different from those for Orai1
puncta formation. Collectively, these results are broadly consistent with
a two-step model for Orai channel activation, in which the C-terminal bind-
ing site tethers and retains CAD to Orai1, thereby allowing functionally crit-
ical interactions at the Orai1 N-terminus to gate the channel and modulate its
pore properties.
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Store operated Ca2þ entry (SOCE) is a key pathway for receptor evoked Ca2þ
signaling. STIM1 and Orai1 are the two main molecular components of SOCE.
Depletion of Ca2þ from endoplasmic reticulum (ER) clusters the ER calcium
sensor STIM1 at ER/plasma membrane domains, which, in turn activates
Orai1 channels in the plasma membrane. This results in Ca2þ influx to activate
a plethora of cellular functions. The molecular mechanism underlying activa-
tion of Orai1 by STIM1 is still elusive. We modeled STIM1 amino acidsequence 234-530. The SOAR, (STIM1 Orai1-activating region (344-442) in
our model exhibits high degree of homology with the recent crystal structure
(Yang et al., PNAS 2012). Based on our model, we identified a critical domain
in the C-terminus of STIM1, CTID (C Terminus Inhibitory Domain) that has
a significant role in holding SOAR in its inactive state. This hypothesis is sup-
ported by immunolocalization, biochemical, imaging and electrophysiological
data, which indicates that deletion of CTID or CTID sub-domains resulted in
constitutive clustering of STIM1 and activation of Orai1. In addition, our
data also suggests a mechanism of regulation of Orai1 gating by SARAF
(SOCE-Associated Regulatory Factor), a negative regulator of SOCE. Both
CC1 and CTIDmutation/deletion affects SARAF binding to STIM1. Therefore,
our study suggests a plausible conformational rearrangement in the cytoplasmic
portion of STIM1 that is necessary to transform SOAR from an inactive to an
active state which to activate Orai.
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Store-operated Ca2þ entry (SOCe) triggered by the depletion of endoplasmic
reticulum (ER) luminal Ca2þ stores is a major Ca2þ entry pathway in non-
excitable cells and is essential in physiological Ca2þ signaling and homeostasis.
STIM proteins are sensors of ER luminal Ca2þ, which translocate to ER-
plasma membrane (PM) junctional regions to activate the family of Orai
channels mediating Ca2þ entry. To dissect the mechanisms by which of
2-amino-ethoxydiphenyl borate (2-APB), modifies SOCe, the effect of 2-
APB on the coupling between Orai1 and various STIM1 fragments were exam-
ined with imaging and whole-cell patch clamp methods. We demonstrate that
50 mM 2-APB induces coupling between C-terminus fragments of STIM1
(STIM1ct) and Orai1, in a reversible and Ca2þ-independent manner. Although
the STIM1-Orai1 Activation Region (SOAR) is already tightly bound with
Orai1, 50 mM 2-APB can still induce an increase in FRET, Ca2þ influx and
ICRAC activation, therefore, 2-APB increases SOCe by enhancing the coupling
between SOAR and Orai1. In contrast, the inhibition of SOCe by 2-APB is not
accompanied by a decrease in STIM1-, or SOAR-Orai1 FRET, or dissociation
of SOAR from Orai channels. This indicates that the inhibitory effect of 2-APB
on Orai1 is due to conformational changes within the SOAR-Orai1 complex
that leads to blockage of the Orai1 channels while the two proteins remain
associated. This conformational changes appear to come from the gating and
selectivity filter of Orai1, as STIM1- or SOAR-Orai1V102C mediated Ca2þ in-
flux is no longer inhibited by 50 mM 2-APB. In summary, our results indicated
that 2-APB first enhances the coupling between SOAR-Orai1, resulting in an
increase in SOCe; then 2-APB modifies the pore of Orai1 around V102 and in-
hibits SOCe.
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Visualization of STIM1 and Orai1 by Electron Microscopy
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STIM1 and Orai1 constitute the core machinery of store-operated calcium en-
try. We used transmission and freeze-fracture electron microscopy to visualize
these proteins at endoplasmic reticulum (ER)-plasma membrane (PM) junc-
tions. In thin sections, ER formed frequent extensive cortical junctions in
HEK-293 cells overexpressing STIM1 and Orai1 and exposed to thapsigargin
(TG), but small and rare junctions in control cells. Extended molecules, most
likely STIM1, decorated the ER and bridged the ER-PM gap. Freeze-fracture
replicas of cells treated in the same manner showed elevated PM domains
(‘‘puncta’’) packed with particles at a higher density than on the surface of con-
trol cells (25645443/mm2 versus 18635331/mm2). Puncta varied in size
(~0.01 to 0.45 mm2) and frequency. Clusters of particles in puncta typically ex-
hibited a clear sharp border, but particle density sometimes declined more grad-
ually to background. Since the puncta most likely correspond to sites of
STIM1-Orai1 co-clustering at ER-PM junctions, targeting to puncta was used
to guide the classification of particles potentially representing Orai1 channels
based upon structural parameters. A high percentage of particles in puncta ex-
hibited a common signature; ‘‘large and tall’’ particles were present at a signif-
icantly higher density within puncta than in untransfected cells (average
